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Two new mouse cell mutants, resistant to either 80 or 100 mM CdCl,, were isolated tostudy the regulation of transcription by the 81ucoeortieoid 
hormones. Their mctallothionein mr. 1 + and mr-2 ÷ genes were amplified coordinately toa maximum of 30 copies per cell. By Southern blot analysis, 
no gross rearrangement was det~mtable n ar the rot* loci. Contrary to other mutants previously i olated, the metallothionein-specific mRNAs of 
these mutants arc inducible by dexamethasone. 
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1. INTRODUCTION 
Mouse metallothioneins (MTs) are 6 kDa proteins 
that bind heavy metals [1]. They are encoded by two 
genes, ntt .1 + and rot-2 +, about 6 kbp apart, whose tran- 
scription is coordinately inducible by cadmium (Cd) 
and dexamethasone (Dex) [2-5]. With Dex, the gluco- 
corticoid-receptor complex binds to a glucocorticoid- 
responsive DNA sequence (GRE) to enhance transcrip- 
tion [6,7]. With the mouse metallothionein genes, how- 
ever, transfections did not allow the identification of 
functional GREs because the transfected genes, al- 
though inducible by cadmium, were not inducible by 
Dex [3,8]. Similarly, Cd-resistant (Cd') hamster and 
mouse cells whose mt÷ genes had been amplified were 
also not inducible by Dex [9,10]. These are unusual 
results. We report here that absence of induction in the 
mouse is not a general rule and we describe the selection 
of new Cd ~ LMTK mouse cells with amplified mt÷ genes 
that are still inducible by Dex, 
2. MATERIALS  AND METHODS 
2.1. Cellc,lture 
Wild.type (WT) LMTK eel!s were grown at 370C in DMEM plus 
10% bovine serum. Lg0 and LI00 mutant cells were grown in the 
presence of 80 or 100pM CdCI~, respectively, except when indica:ed. 
Serum was dialysed 2 times against 100 vols. of 0.15 M NaCI. 
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2.2. DNA attd RNA purification 
DNA was purified [I l l  and its concentration was determined by 
fluorescence [12]. DNA digests were analysed by Southern blot~. Cy- 
toplasmic RNA from su~onlluent cell populations was purified ll II 
and the concentration was determin~ by abzorption at 260 nm. Ab- 
sen¢~ ofdegradation a d the RNA concentration ofdifferent pr~para- 
tions were verified by formaldehyde--agarose Bel lectrophomsis fol- 
lowed by stainin~ with Acrydine orange. RNA was then denatured 
with formaldehyde and appli-'d irectly to nitrocellulose filters for dot 
blot analysis [13]. 
2.3. DNA probe~ 
The 221 bp &hal fragment of the mouse rot-i" eDNA [14] and the 
158 bp /h'al fragment of mouse mr-2" eDNA [8] were labelled to a 
specific activity of 109 cpm/pg. Each one was specific and did not 
cross-hybridize [I 5]. DNA and RNA hybridizations were at 42"C and 
washes were in 0. I × SSC at 65"C [I 3]. Autoradiogramn were ~e.anncd 
using a Chromosean 3 (Joy¢~ Loebl). 
2.4. MT synthesis 
Proteins were labelled with ['~S]eysteine, carboxymethytaw.d, and 
electrophoresed on 20% SDS-po!yae~'lamidc gels [15,16]. Tile gels 
were fluer~grapheO and autoradiographed. 
3. RESULTS AND DISCUSSION 
3.1. mt + gene amplification 
LMTK mouse cells were re-cloned twice. Two clones 
were selected and grown in parallel and at high cell 
concentration, first in 15, then in 50 and then in either 
80 or 100/~M CdCi2. After 7 months, one independent 
clone in each selection was isolated and named Lg0 and 
LI00, respectively. The LDso (defined as the level of  Cd 
required for 50% inhibition of clone formation) of  the 
mutant and the WT cells were determined from their 
inactivation curves (Table 1) [15]. The stability of  their 
Cd ~ phenotype was assessed, and after 3 months both 
cell lines showed a marked decrease in their LD~o (Table 
I) and the amount of  MT proteins, indicating that the 
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Table I 
Characteristics or Cd r cells 
Cell line LD~,:' (.,M) LD~0 ~' Chromosome number ~
Average Range 
LMTK L2 12 39 ± L" 30-47 
LS0 95 40 50 ± 4 30-93 
LL00 115 30 41 ± 1 33--44 
"CdCI_, concentration nccessar.v to inhibit the formation of colonies 
by 50% 
LD~o of cell populations grown for 3 months in the absence of ex- 
ogenous Cd 
"Standard eviation (n = 50) 
~NormaI 2n = 40, 
Cd ~ phenotype of LS0 and LI00 is unstable. These cells 
behave very much like Cd ~ mouse S180 cells [9] which 
also lose their amplified mt-I + genes and their resistance 
to Cd after growing for 4 months in the absence of Cd. 
We then determined if such unstability in LS0 and LI00 
could be revealed by the presence of small acentromeric, 
double-minute chromosomes [17,18]. At a magnifica- 
tion ofxS00 no such structures on giemsa-stained recta- 
phase spreads [19] were d tectable (not shown). The 
mutant and WT DNAs were then analysed and Fig. 1 
shows the hybridization of the DNA digests. From the 
results we determined • that (i) the restriction patterns of 
LMTK, L80 and LI00 were similar; (it) the size of the 
DNA fragments agreed with the restriction map of the 
mouse rot* loci [8,20,21]; and (iii) the restriction frag- 
ments encoding rot-1 ÷ and rot-2 ~ had been ~mplified 
unaltered, as part of a larger amplification unit, about 
30 times for LI00 and 15 times for LS0. Thus, we con- 
dude that within the anaplified unit no major earrange- 
ment had occurred in the vicinity of the mt÷ loci. 
3.2. Metallothionein synthesis 
As shown in Fig. 2, increased synthesis of MTs and 
the Cd resistance phenotype are associated. Both Cd ~ 
cells show an 8-12-fold increase in total MTs over the 
WT induced by 15/.tM CdCI:. 
3.3. MT mRNA expression 
• It has been reported that mouse and hamster mutants 
in which mt ~ genes have been amplified do not synthe- 
size more MT mRNAs in the presence of Dex than the 
WT [9,10]. This is not the case with L80 and Ll00. The 
expression of MT-I and MT-2 mRNAs in both mu- 
tants, induced with either cadmium or Dex, was deter- 
mined by dot blot anal),sis. Prior to induction, the cells 
were first grown for 5 days in the absence of Cd and in 
10% dialysed fetal bovine serum since Cd inhibits the 
accumulation of nuclear glucocorticoid receptors [9]. 
Cytoplasmic RNAs (10/xg) were spotted onto nitrocel- 
lulose filters and hybridized. Fig. 3 shows that the syn- 
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Fig. 1. Amplification of the rot-I* and nu-2 ÷ genes. The WT and mutant DNAs were digested with 8 restriction enzymes, electrophorew~d and blotted 
onto nylon membranes. The filter was hybridized with the mt-I + eDNA probe. After autoradiography, the filt r was washed in 0.4 M NaOH for 
30 rain at 45°C to r~move the probe, The filter was then prehybridized and re-hybridized with the mr-2* probe, The molecular weight maker (M) 
is a Hindlll disest of phage lambda DNA. Lanes L. 4. 7. 10. 13. 16. 19. 22. LMTK; lanes 2.5.8. 11. 14. 17. 20. 24. LS0; lanes 3.6. 9. 12. 15. 18. 
21.23. L I00. DNAs wer~ cat with D, mHI (lanes I-3). £coR V (lan¢~ 4-6). [lindl II (lanes 7-9). Psd (lanes 10-12). EcoRI (lanes 13-I 5). Kpnl (lanes 
16-18). XhM (hmes 19-21) or Sa/I (lanes 22-24). 
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Fig. 2. Induction of" metallothioneins. [~-*S]Cysteil~e-labelled cytoplas- 
mic proteins were electrophoresed on 20% SDS-denaturing acryl- 
amide gels. 100,000 cpm were loaded ineach lane. Lane 1, uninduced 
LMTK; lane 2, LMTK induced by 15/tM CdCi,; lane 3, LI00, 100 
#M; lane 4, LS0, 80/~M. 
thesis of both MT-I and MT-2 mRNAs are inducible 
by Dex or Cd in LS0, L100 and WT cells. In WT cells 
the levels of both MTs mP, NAs were 6- and 4-fold 
greater after Cd and Dex induction, respectively. In the 
mutant cells the induction of both MTs mRNAs is also 
coordinate. For L80 cells, the mR.NAs levels were in- 
creased 7- and 6-fold after induction with Cd and Dex, 
respectively, and for L100 cells, the induction was about 
5-fold. This increase in MT mRNA is most probably 
due to activation of gene transcription, as already 
shown with human MT-I1A [4,22,23] and mouse mt-I + 
and mr-2* genes [8,24]. This is, to our knowledge, the 
first report of mutant cells with amplified mouse mt÷ 
genes which are still inducible by Dex. There are two 
possible explanations why these mutants are inducible 
by Dex while the others were not. First, GREs located 
far from the transcription signals could have been am- 
plified in L80 and L100 but not in the other mutants. 
The absence of such elements in the vicinity of mouse 
WT mt+ genes is supported by the absence of new 
DNase 1 sensitivity sites after glucocorticoid induction 
[25]. Also, transfected genes were inducible by Cd but 
not by Dex in experiments using 10 kbp of genomie 
DI'qA comprising both mouse mt ~ genes [8,9]. GREs 
could be further away since the amplified mouse rot-1 ~ 
genes from Cd r SI80 cells do not respond to Dex even 
though at least 20 kbp of DNA were co-amplified on 
each side of the rot-l* gene [26]. Thus, in our mutants, 
the amplicons are large •enough to include distant 
GREs. Also, GREs in LMTK cells may be closer to the 
mr* genes because of frequent rearrangements occurring 
in heteroploid cells. The use of our amplification mu- 
1 LMT K ¢. 
L8o-8 *, • • 0 ,0  
t100-6 • 00  ® O0 
Fig. 3. Induction of mRNA in response to cadmium and dexameth- 
asone. 10/~g of RNA was spotted onto nitrocellulose in duplicate. 
Filters were hybridi2~l with the mr-i* or mr-2* probe and autoradi- 
ography was overnight on XAR-5 Kodak film. 0, ¢¢11s grown in 
Cd-frec medium for 5 days; Cd, cells induced for 8 h with 15/.tM CdCI2 
(1LMTK), 120,uM C.dCl, (LS0) or 140aM CdCI2 (LI00); D¢x, all cells 
induced for 8 h with 100 nM Dex. 
tants in the mapping of DNAse 1 hypersensitive sites 
might uncover discrete chromatin structure alterations 
around the mt+ genes upon glucocorticoid nduction. 
A second explanation is that the structure of the 
DNA or chromatin is important for the mr* induction. 
This has been proposed to explain why transfected or 
injected glucocorticoid-responsive genes maintained ei- 
ther episomally or integrated at different sites, lose their 
capacity to be induced by Dex [3,8,27-32]. Karin ¢t al. 
[22,23] also found that in some transfections the hMT- 
IIA regulatory region did not respond to Dex. Recently, 
it was shown that the organization of DNA in nueleo- 
seines affects the affinity of the giucocorticoid receptor 
for it's target, and that activation of the MMTV long 
terminal repeat results from disruption of a nueleosome 
specifically positioned over the regulatory region 
[33,34]. As for the WT cells, the chromatin structural 
requirements for induction by Dex of the mt+ genes 
would thus have been maintained in L 100 and LSO cells: 
Acknowledgements: We thank Dr. G. Pokier of Laval University 
where Southern blots were carried out. The mouse rot-2 ~ eDNA was 
kindly provided by R.D. Palmiter. J T. was supported by the Cancer 
Research Society Inc. This work was supported by MRC Grant 
MT4860. 
REFERENCES 
[1] l-lamer, D.H. (1986) Annu. Rev. Bioehem. 55, 913-951. 
[2] Dumam, D.M. and Palmiter, R.D. (1984) Mol. Cell. Biol. 4. 
484-491. 
[3] Mayo, K.E.. Warren, R. and Palmimr. R.D. (1982) Cell 29. 99- 
108. 
[4] Karin. M., Andersen. R.D., Slater, E., Smith, K. and Herschman, 
H.R. 0980) Nature 286, 295-297, 
[5] Yagl¢, M.K. and Palmitcr, R.D. (1985) Mol. Call. Biol. 85, 291- 
294. 
[6] Yamamoto, K.R. (1985) Annu. Rev. Genet. 19, 209-252. 
[7] Beato, M. (1989) Cell 56. -a35-344. 
[8] Stvarl¢, P.F., Davison, B.L., Stuart, G.W., Wilki¢, T.M.. Nor- 
stedt, G. and Palmiter, R.D. (1984) Mol. Cell. Biol. 4, 1221-1230. 
[9] Mayo, K.E....a b.t_; , , ,  R.D. tt98"~ t n;ol Ch,.m "~';'7 "~t~1- 
3067. 
.r!0] Griffith, J.K. (1985) Mol. Cell. Biol. 5, 3525-3531. 
[I I] Maniatis, T., Fritseh, E.F. and Sambrook, J. (1982) Molecular 
77 
Volume 310, number 1 FEBS LETTERS September .1992 
Cloning: A Laboratory Manual, Cold Spring Harbor Labora- 
tory, New York. 
[12] Kapp, L.N., Brown, S.L. and Kleveez, R.R. 0974) Biochim. 
Biophys. Aeta 361, 140-143. 
[13] Meinko|h, J. and Wahl, G. 0984) Anal. Bioehem. 138, 267-284. 
[14] Mbikay, M., Multi, l.B. anO Thirion, J.P. (1981) Biochem. Bio- 
• phys. Reg. Commun. 103, 825-832. 
[15] Chopra, A., Thibodeau, J., Tam, Y.C., Marengo, C., Mbikay, M. 
and Thirion, .l.P. (1989) J. Cell Phys. 142, 316-324. 
[16] Hamer, D.H. and Walling, M. 0982) J. Mol. Appl. Genet. i, 
273-288. 
[17] Sehirnke, R.T. 0984)Cell 37, 705-713. 
[18] Stark, G.R. and Wahl, G.M. (1984) Anna. Rev. Bi0ehem. 53, 
447-49 I. 
[19] Deaven, L.L. and Peterson, D.F. 0974) Methods Cell. Biol. 8, 
179--2O4. 
[20] MacArthur, C.A., Hawley, T. and Lieberman, M.W. 0986) 
Carcinosenesis 7, 1487-1495. 
[2 I] Brzezinski, R., Smorawimka, M., Vezina, G., Thibodeau, J. and 
Thirion, J.P. (1987) Cytobios 52, 33-38. 
[22] Karin, M., Haslinger, A., Holtgreve, H., Riehards, g.l., Ka- 
rauter, P., Westphal, H.M. and Beato, M. (1984) Nature 308, 
513-519. 
[23] Karin, M., Haslinger, A., Hohgreve, H., Cathala, G., Slal~r, E. 
and Baxter, i.D. (1984) Cell 36, 371-379. 
[24] Durnam, D.M. and Palmiter, R.D. 0981) I. Biol. Chem. 256, 
5712-5716. 
[25] Senear, A.W. and Palmiter, R.D. (1982) Cold Spring Harbor 
Syrup. Quant. Biol. 47, 539-547. 
[26] Mayo, K,E. and Palmiter, R.D. (1981) J. Biol. Chem. 256, 2621- 
2624. 
[27] Chandler, V.L., Mulet, B.A. and Yamamoto, K.R. (1983) Cell 
33, 489-499. 
[28] Feinsteia, S.C., Ross, S.R. and Yaraamoto, K.R. (1982) Mol. 
Biol, 156, 549-565, 
[29] Kurtz, D.T. (1981) Nature 291,629-631. 
[30] Robins, D.M., Peak, 1., Seebarg, P.H. and Axel, R. (1982) Cell 
29, 623-631. 
[31] Brinster, R.L., Chen, H.Y., Warren, A.S. and Palmiter, R.D. 
(1982) Nature 296, 39-42. 
[32] Palmiter, R.D., Chen, H.Y. and Brinster, R.L. (1982) Cell 29, 
701-710. 
[33] Richard-Foy, H. and Hager, G.L. (1987) EMBO J. 6, 2321-2328. 
[34] Perlmann, T. 0992) Prec. Natl. Acad. Sci. USA 89, 3884-3888. 
78 
